Theories with low-energy supersymmetry predict the existence of stable non-topological solitons, Q-balls, that can contribute to dark matter. We discuss the experimental signatures, methods of detection, and the present limits on such dark matter candidates.
Supersymmetric generalizations of the Standard Model, in particular the minimal version, MSSM, invariably predict the existence of non-topological solitons, dubbed Qballs [1] , with an arbitrary baryon number [2] . Supersymmetric Q-balls are coherent states of squarks, sleptons, and the Higgs fields. In theories with "flat directions" in the scalar potential, which are generic for supersymmetry, these objects may exhibit a number of interesting properties [3, 4] . In particular, solitons with a large baryon number are entirely stable [5] and can be copiously produced in the early universe [5] .
This makes relic Q-balls an appealing candidate for cold dark matter [5] . In this Letter we will examine the implications of this speculative type of dark matter for detector experiments.
Flat potentials U(φ), i. e., those that grow slower than the second power of the scalar VEV φ, arise naturally in theories with low-energy supersymmetry breaking (see, e. g., Refs. [6, 7] and discussion in Ref. [3] ). . We will assume these relations and neglect the logarithmic corrections to the flat potentials that appear in realistic theories [6, 7] . One assumes m to be from 100 GeV to 100 TeV, higher values being disfavored by the naturalness arguments. For a specific model of supersymmetry breaking studied in Ref. [7] , m ∼ 1 TeV.
The baryon number Q B of a stable soliton must be greater than 10 15 (m/1TeV) 4 [5] .
Larger solitons cannot decay into the matter fermions because the energy per unit baryon number is less than the proton mass. Q-balls with a much greater global charge, in excess of 10 20 , can be produced in the early universe from the breakdown of a coherent scalar condensate [5] . Formation of such condensate, being the starting point of the Affleck-Dine scenario for baryogenesis [8] , may also explain the baryon asymmetry of the universe, in which case the initial baryon number stored in the condensate is distributed between the matter baryons and Q-balls. If the ordinary baryonic matter and the dark matter share the same origin [5] , one may hope to explain why the two have, roughly, the same density in the Universe.
The flux of cosmic Q-balls falling on Earth can be estimated under the assumption that they make a sizeable contribution to the missing matter of the universe. As follows from Ref. [5] , Q-balls produced from the breakdown of a primordial condensate have a very narrow distribution of charges. We will assume, therefore, that all dark-matter solitons have the same mass. Q-balls can be of interest as dark matter candidates if their mass density in the galactic halo is of order ρ DM ≈ 0.3 GeV/cm 3 , which corresponds to the number density
We assume the average velocity for Q-balls v ∼ 10 
Q-balls can also produce a signal, at a comparable rate, at the Baikal Deep Underwater Neutrino Experiment [10] , as well as other experiments.
Let us consider the interactions of baryonic solitons with ordinary matter. The interior of a large Q-ball can be thought of as a spherically-symmetric region filled with a non-standard vacuum that breaks spontaneously the baryonic U(1) B symmetry. The scalar VEV inside a stable soliton extends along a flat direction in the MSSM scalar potential and carries the corresponding quantum numbers.
If supersymmetry is exact (which we assume to be the case for sufficiently large VEV, as in theories with SUSY breaking communicated at low energy), the MSSM has a very large space of degenerate vacua, the flat directions, labelled by the corresponding gauge-invariant holomorphic polynomials of the chiral superfields [11, 12] . They have been enumerated and catalogued in Ref. [13, 14] . Each flat direction is parameterized by a gauge-invariant scalar VEV. Those that carry some baryon number can give rise to stable Q-balls, and may also play a central role in generating baryon asymmetry of the Universe [8, 7, 13] .
Inside a Q-ball the SU(3)×SU (2)×U (1) As an electrically neutral Q-ball passes through matter, it absorbs the nuclei with a cross-section determined entirely by the soliton's size, σ ∼ 10
The corresponding mean free path in matter with density ρ is
where A is the weight of the nucleus in atomic units. The quarks caught in the deconfining coat of a Q-ball are absorbed into the condensate eventually via the reaction→qq For energetic reasons, large Q-balls comprise an electrically neutral scalar condensate.
However, unless the electrons are trapped by the Q-ball, the process described above proceeds through the formation of a bound state of the Q-ball to quarks which has a positive electric charge. If this is the case, the electrons can be captured eventually in an electroweak process ue → dν which, we note in passing, is very fast inside those Q-balls that restore the SU(2) gauge symmetry because the W boson is massless.
However, the electrons cannot penetrate inside those Q-balls, whose scalar VEV gives them a large mass. 
By numerical coincidence, the total energy released per unit length of the track in the medium of density ρ is, roughly, the same for SENS and SECS, dE/dl ∼ 100 (ρ/1 g cm −3 )
GeV/cm. However, the former takes in nuclei and emits pions, while the latter dissipates its energy in collisions with the matter atoms. Signatures of baryonic and anti-baryonic solitons are expected to be similar.
A passage of a Q-ball with baryon number Q B ∼ 10 24 through a detector, associated with emission of, roughly, 10 GeV per millimeter can make a spectacular signature.
Of course, depending on the mass parameter m and the charge Q B , the frequency of such events can be small; for some values, too small to be detected. As is evident from equation (2) the generic values of parameters are not ruled out, and are consistent with observation of relic Q-balls at the existing and future facilities. Since the anticipated tracks are very energetic and unmistakable, it is the surface area of the detector, rather than its fiducial volume, that is important. A large-area detector (LAD) would, in general, be more effective in searching for Q-balls than a more compact machine with the same volume.
The present experimental limit on the flux of SECS is set by the MACRO search [15] for "nuclearites" [16] , which have similar interactions with matter: F < 1.1 × 10 SECS's do accumulate in ordinary stars. However, the Coulomb barrier prevents a rapid absorption of nuclei and inhibits the production of pions. Therefore, in contrast to the case of monopoles, there is no constraint on the abundance of SECS from observations of the low-energy solar neutrinos.
It should also be mentioned that, because of its very large mass, a Q-ball passing through the atmosphere cannot create an extensive shower typical for the high-energy cosmic rays. The effectiveness of the wide-array detectors in searching for Q-balls is, therefore, limited by the total area of their counters. Searches for stable ultra-heavy nuclei in matter [18] , which may be suitable for detecting smaller Q-balls (with charges 10 12 ...10 13 ), afford no limit at present because the mass range of interest, m Q > ∼ 10 12 GeV, has never been explored.
It would be interesting to see if some of the exotic events in the cosmic rays, e. g., the so called Centauro events [19] , the penetrating halo event of the Pamir experiment [20, 19] , and the ultra-high energy cosmic rays that appear to defy the GZK bound [21] , may be related to the relic Q-balls.
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